Defining mode of action is vital for both developing new drugs and predicting 35 potential resistance mechanisms. African trypanosome pentamidine and 36 melarsoprol sensitivity is predominantly mediated by aquaglyceroporin 2 (TbAQP2), a 37 channel associated with water/glycerol transport. TbAQP2 is expressed at the flagellar 38 pocket membrane and chimerisation with TbAQP3 renders parasites resistant to both 39 drugs. Two models for how TbAQP2 mediates pentamidine sensitivity have emerged; 40 that TbAQP2 mediates pentamidine translocation or via binding to TbAQP2, with 41 subsequent endocytosis, but trafficking and regulation of TbAQPs is uncharacterised. 42
Introduction
Bloodstream form (BSF) T. brucei 2T1 and all derivatives were cultured in HMI-119 11 (supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml 120 penicillin, 100 U/ml streptomycin and 2 mM L-glutamine) at 37˚C with 5% CO2 in a 121 humid atmosphere in non-adherent culture flasks with vented caps at densities 122 between 1 x 10 5 and 1.5 x 10 6 cells/ml. 2T1 cells were maintained in the presence of 123 phleomycin (1 μg/ml) and puromycin (1 μg/ml). Following transformation, cells were 124 selected and maintained with hygromycin (2.5 μg/ml) or phleomycin (1 μg/ml) as 125 appropriate. EC50 determinations were performed using AlamarBlue® (resazurin 126 sodium salt) as described [34, 35] , with 5 mM glycerol added as appropriate; drug 127 exposure was for 66 hours and AlamarBlue® incubation overnight. Plates were read 128 on an Infinite 200Pro plate-reader (Tecan) with the following parameters: excitation, 129 530nm; emission 585 nm; filter cut-off, 570 nm. Proliferation was monitored by dilution 130 to 1 x 10 5 cells/ml and counting daily. For transfections, 3 x 10 7 bloodstream form cells 131 7 horseradish peroxidase (HRP)-coupled secondary antibodies (Sigma) were anti-rat-183 HRP at 1: 10,000, anti-rabbit-HRP at 1: 10,000, anti-mouse-HRP at 1: 10,000. 184
Detection was carried out by incubating membranes with ECL Prime Western Blotting 185
System (Sigma) and GE healthcare Amersham Hyperfilm ECL (GE). Densitometry 186 quantification was conducted using ImageJ software (NIH). For quantification using 187 the Li-COR system (Li-Cor Bioscience, Lincoln NE), the following antibodies were 188 diluted in Odyssey blocking buffer (Li-COR): goat anti-rabbit IgG: IR Dye680RD and 189 goat anti-mouse or anti-rat IgG: IRDye800CW (Li-COR). All washes were with PBS 190 supplemented with 0.5% Tween20. Quantitative Fluorescence signals were quantified 191 on an Odyssey CLx Imager and processed using Li-COR software (Li-COR). 192
Blue native PAGE (BN-PAGE) 193
BN-PAGE was performed using the NativePAGE Bis-Tris gel system (Thermo). 194
Briefly, cells were washed three times with 1X PBS supplemented with protease 195 inhibitor cocktail without EDTA (Roche) and solubilized in Native PAGE sample buffer 196 supplemented with 10% glycerol, 1% n-dodecyl-b-d-maltoside, 1x protease inhibitor 197 cocktail without EDTA (Roche), 100 µg/ml microccocal nuclease (NEB), and 1x 198 microccocal nuclease buffer (NEB). Samples were incubated in solubilization buffer 199 on ice for 30 min and centrifuged (13,000 g at 4 ˚C, 30 min). The resulting supernatants 200 were fractionated on precast 4-16% BN gradient gels (Thermo). AQP10 (PDB code 6f7H) [39] . The N-terminus (residues 1-59) could not be modelled 217 due to predicted flexibility and low sequence similarity. T. brucei AQP2 has 33% 218 identity compared to Homo sapiens AQP10. Multiple sequence alignments were 219 performed using T-Coffee [40] and ClustalW [41] . The geometries of the homology 220 model were refined using Maestro and verified using PROCHECK [42] The resulting 221
Ramachandran plots indicated a good model quality with 93% of the residues in most 222 favoured regions. A second model displaying K147R and K234R mutations in each 223 monomer was generated following the same protocol. Both models were refined using 224 all-atom molecular dynamics (MD) simulations with Desmond [43]. Each system was 225 embedded as a tetramer in a periodic POPC lipid bilayer generated with "System 226 Builder" in Maestro and solvated in aqueous 150mM KCl. The OPLS3e force field was 227 used to further improve the resulting molecular model [44] . The cut-off distance for 228 non-bonded interactions was 9 Å. The SHAKE algorithm was applied to all bonds 229 involving hydrogens, and an integration step of 2.0 fs was used throughout [ To determine whether ubiquitylation is involved in trafficking and turnover of 247 polytopic surface proteins in trypanosomes we addressed whether TbAQP2 is 248 ubiquitylated in vivo. We generated T. brucei cell lines expressing TbAQP2 tagged at 249 the N-( 3×HA AQP2) or C-terminus (AQP2 3×HA ) (Fig 1A and B) using an aqp-null cell line 250
[19] as chassis to prevent heterologous interaction with endogenous AQPs. The 251 hemagglutinin (HA) tag was selected as it lacks lysine residues (as opposed to more 252 bulky tags such as GFP) and therefore is incapable of becoming ubiquitylated and 253 interfering with data interpretation. Both constructs co-localized with ISG75 at the 254 posterior end of the cell, consistent with the location of native AQP2 at the flagellar 255 pocket (Fig 2A) . 3×HA AQP2 is predominantly detected as two forms by immunoblotting 256 after SDS-PAGE: a ~38 kDa form, consistent with the monomeric form, and a >120 257 kDa form, likely a homotetramer (Fig 2B, lower panel) , as previously reported for 258
other AQPs [16, [49] [50] [51] . In sharp contrast, AQP2 3×HA was found as two main species 259 of ~35 kDa and ~38 kDa, with no tetrameric form detected (Fig 2B, lower panel) . 260
However, under native conditions, both constructs are organized as high molecular 261
weight complexes of ~480 kDa, consistent with a 4x4 conformation under native 262 conditions (Fig 2B, upper panel) . 263
Thus, whereas 3×HA AQP2 is readily detectable as a stable tetramer, even under 264 harsh conditions, AQP2 3×HA is comparatively less stable in its tetrameric form (Fig 2B) , 265 likely indicating interference by the C-terminal HA tag to oligomerization and/or 266 tetramer stability. To determine the glycerol transport capacity of these proteins, we 267 inhibited the activity of the trypanosome alternative oxidase (TAO) with 268 salicylhydroxamic acid (SHAM) [21] . Inhibition of TAO leads to increased intracellular 269 glycerol, building up to toxic levels that can only be prevented by export via a glycerol 270 transporter such as AQP. Therefore, the absence of functional AQPs renders cells 271 highly susceptible to SHAM. Consistent with stability of the AQP2 3xHA oligomeric form, 272 expression of the 3×HA AQP2 construct in the aqp-null background restored sensitivity 273 to pentamidine and glycerol transport comparable to wild type cells, whereas 274 AQP2 3×HA only partly rescued these phenotypes (Fig 2C and S1 Fig) . Both 3×HA AQP2 275 and AQP2 3×HA have long half-lives (>4h) (Fig 2D) indicating that impaired transport 276 activity of AQP2 3xHA is unlikely due to altered turnover or structure. Therefore, although 277 introduction of HA epitopes to either terminus does not alter localization, only the N-278 terminal tagged form assembles stable oligomeric structures and fully functional 10
TbAQP2 is ubiquitylated and degraded by the lysosome 281
Next, we sought evidence that TbAQP2 is ubiquitylated. Cycles of protein 282 ubiquitylation and deubiquitylation are important for controlling the cell surface 283 composition of trypanosomes [25, 33, 52] . Both proteasome-dependent and lysosome-284 mediated protein degradation are generally initiated by covalent attachment of one or 285 more ubiquitin moieties to a substrate protein [53], and we rationalized that inhibiting 286 these degradative systems would increase the overall abundance of ubiquitylated 287
intermediates. 288
We observed high molecular weight adducts when cells expressing 3×HA AQP2 289
were treated with either ammonium chloride (lysosomal activity inhibitor) or MG132 290 (proteasome inhibitor) ( Fig 3A) , likely representing ubiquitylated intermediates en 291 route to degradation. Subsequent western blotting identified a predominant band of 292 ~55 kDa reactive to anti-ubiquitin antibody upon immunoprecipitation with anti-HA 293 magnetic beads, consistent with the addition of ubiquitin to TbAQP2 (~38 kDa for 294 unmodified protein (Fig 3B) . To corroborate these results, we performed an affinity 295 isolation using a commercial ubiquitin binding domain (UBD) resin followed by western 296 blotting with anti-HA antibody. This revealed unmodified monomer together with high 297 molecular weight adducts, likely representing TbAQP2 with various numbers of 298 ubiquitin conjugates; the latter clearly represents a small fraction of total AQP2 299 expressed in these cells (Fig 3C) . Interestingly, we noted a band of around ~40 kDa, 300 likely corresponding to monoubiquitylated TbAQP2 (Fig 3C) . Collectively, these 301 results indicate that TbAQP2 is modified by ubiquitin in the bloodstream form of T. 302
brucei. 303
Next, we sought to investigate the mechanisms by which TbAQP2 is degraded. 304
Imaging suggested that TbAQP2 is predominantly located at the flagellar pocket 305 together with ISG75, but a proportion is also in close proximity to early endosomes 306 (positive for Rab5A and Rab5B) but less so for recycling endosomes (Rab11) (Fig 4A) 307 suggesting transit of TbAQP2 through early endosomes. Moreover, TbAQP2 308 displayed strong overlap with p67, a lysosomal marker, suggesting that TbAQP2 is 309 delivered to the lysosome via endocytosis (Fig 4A) . Similar observations were made 310 with cells expressing AQP2 3×HA (S2 fig) , once more indicating that the C-terminal tag 311 does not impair trafficking but rather hinders oligomerisation. Further, pulse-chase 312 analysis showed that ISG75 has a half-life of ~3.6 h, consistent with earlier studies rapidly turned over in <1 h, with the remaining fraction is more stable, with a half-life 315 of ~6 h (Fig 4B) , which together with partial juxtaposition with Rab11, suggests 316 possible recycling. To determine whether TbAQP2 is degraded in the lysosome or the 317 proteasome we treated cells with bafilomycin A1 (BafA1; inhibitor of the lysosomal v-318 ATPase) or MG132 (canonical proteasome inhibitor with broad-range inhibitory 319 capacity against serine proteases and calpain-like proteases [54]). In untreated cells, 320
TbAQP2 was reduced by ~50% after 1 h as expected, but in cells treated with BafA1 321 or MG132, less that 20% of the protein was degraded (Fig 4C) . It is important to note 322 that MG132 can also impair degradation of proteins delivered to the lysosome as it 323 acts as a broad range inhibitor for lysosome-specific proteases [54] . Overall, these 324 data indicate that TbAQP2 is ubiquitylated and delivered to the lysosome for 325 degradation, albeit with a pool of longer-lived protein that may constitute a recycling 326 population. 327
Intracellular N-terminal lysine residues are essential for oligomerisation and 328 channel function of TbAQP2 329
Predictions of TbAQP2 topology [55] suggested cytosolic localisations for both 330 N-and C-termini, as is known for the mammalian orthologues (S3 Fig, [15,56] ). AQP2 331 has five lysine residues that are exposed to the cytosol, at positions 19, 45, 54, 147, 332 and 234 (Fig 1B) . To better understand the potential ubiquitylation sites in TbAQP2, 333
we used UbPred (http://www.ubpred.org) [57] to predict lysine residues as candidate 334 ubiquitin acceptors. UbPred suggested that lysine residues in position 19, 45, and 54 335 are potential ubiquitylation sites in TbAQP2, with prediction scores of 0.65, 0.73, and 336 0.88, respectively. All three residues are located within the N-terminal cytoplasmic 337 region of AQP2 (Fig 1B) . 338
To dissect the contribution of these residues to TbAQP2 localisation and 339 function, we generated a cell line expressing N-terminally tagged AQP2 in which all 340 three of these lysine residues were simultaneously mutated (AQP2 3K>R ). 341
Unexpectedly, while the wild-type protein located in the posterior end of the cell, 342 AQP2 3K>R was mislocalized ( Fig 5A) and failed to restore pentamidine sensitivity and 343 glycerol transport (Fig 5B) . Furthermore, whereas AQP2 WT co-localises with ISG75 at 344 the posterior end of the cells, AQP2 3K>R was retained in the endoplasmic reticulum 345 (ER), as suggested by co-localisation with the ER marker TbBiP (Fig 5C) . Blue native-346 for TbAQP2 folding and hence anterograde trafficking and that their replacement by 351 arginine triggers entry into an ER-associated degradative (ERAD) pathway [58] [59] [60] . 352
Site-directed mutation of cytoplasmic lysine residues of TbAQP2 leads to 353 protein instability 354
To determine whether the effects observed for AQP2 3K>R could be attributed to 355 a single lysine residue we generated a construct in which all cytoplasmic lysine 356 residues were mutagenized to arginine (AQP2 5K>R ) (Fig 1B) . Using this construct as 357 template, we reverted each lysine individually using site-directed mutagenesis, 358 generating cell lines expressing N-terminally tagged mutant TbAQP2 with only one 359 lysine residue reinstated (AQP2 R19K , AQP2 R45K , and AQP2 R54K ). None of these 360 mutants formed oligomers (S4A Fig.) and were retained in the ER, as demonstrated 361 by co-localisation with TbBiP ( Fig 6A) . Moreover, AQP2 5K>R , AQP2 R19K , AQP2 R45K , 362 and AQP2 R54K turn over faster than AQP2 WT and are stabilised by MG-132 ( Fig 6B  363 and Table 1) , consistent with the absence of detection by BN-PAGE analysis and the 364 lack of sensitivity to pentamidine and glycerol transport observed in these mutants 365 It is important to note that we 372 failed to successfully express AQP2 R147K despite multiple independent transfections. 373
Residue 147 is located between TMD4 and TMD5, potentially indicating that mutation 374 of this residue leads to a far more unstable protein than the other constructs, and in 375 good agreement with the MD simulations. In TbAQP2 WT , K147 is predicted to interact 376 with Y151 and N70 on TMD1 and maintain the TMD3-TMD1 interface (S4G Fig, right from the neighbouring subunit, providing a rationale for the instability observed in this 13 mutant. Consistent with a lack of oligomerization and rapid turnover all of these 383 constructs failed to restore pentamidine sensitivity or glycerol transport (Fig 6C and 384 Table 1 ). 385
Chimerization of TbAQP2 impairs stability, localization and function 386
T. brucei possesses three AQP paralogues [21, 23] . Of these, TbAQP2 and 387
TbAQP3 are tandem open reading frames located on chromosome 10 and share 388 >70% protein identity [13] . Chimerisation of the loci encoding TbAQP2 and TbAQP3 389 causes resistance to pentamidine and melarsoprol [27, 29, 32, 56] . Interestingly, 390 although in some cases the selectivity pore is mutated, many chimeric AQP2/3 alleles 391 do not have altered amino acids in the selectivity pore, but rather replacement of TMD 392 regions with sequences from TbAQP3 (Fig 1C) , [29] [30] [31] [32] . Moreover, the AQP2/3 393 chimeras characterised so far display a subcellular localisation resembling TbAQP3 394 at the plasma membrane, in contrast with an expected flagellar pocket localisation for 395 TbAQP2 (Fig 2A) [27]. However, it is unclear if TbAQP2 chimerisation impacts 396 additional features beyond subcellular localisation. 397
We generated cell lines expressing tetracycline-regulated N-terminal tagged 398 TbAQP1, TbAQP2, TbAQP3 and the chimeric AQP2/3 40AT (40AT) (Fig 1C) , isolated 399 from relapse patients from the Democratic Republic of Congo [29] . One of the main 400 structural features of this chimera is replacement of the sixth trans-membrane and C-401 terminus of TbAQP2 with the corresponding sequence of TbAQP3 (Fig 1C) [29] . 402
Additionally, to simulate other chimeric AQP2/3 proteins identified in laboratory strains 403 and field isolates, we generated AQP2 mutants where TMD4 (AQP2 TMD4 ) and TMD5 404 (AQP2 TMD5 ) are individually replaced by the corresponding TMDs from TbAQP3 (Fig  405   1C) . Apart from the AQP2 TMD5 construct, none of these constructs alter the amino acid 406 composition of the selectivity filter of TbAQP2 (S5 and S6 Fig) . Whereas we readily 407 expressed AQP2 TMD4 , we failed to obtain positive clones for AQP2 TMD5 , despite 408 multiple attempts. We observed that TbAQP2 colocalised with ISG75, as expected, as 409 well as TbAQP1 which seems to localise in close proximity to ISG75, whereas 410
TbAQP3 localises mainly to the cell surface as previously reported [13,21] (Fig 7A,  411 left-hand panel). Conversely, AQP2 TMD4 and the clinical chimera 40AT displayed a 412 distinct localisation in proximity with TbBiP (Fig 8A) . Western blotting showed that 413 under reducing conditions, all these constructs are readily detected as monomers of 414 to observe such complexes for TbAQP3, 40AT, and AQP2 TMD4 (Fig 7B) . TbAQP3, 418 AQP2 TMD4 and 40AT are turned over more rapidly (<1 h) than TbAQP1 and TbAQP2 419 ( Fig 7D and Table 2) , explaining the lack of glycerol transport in cells expressing these 420 constructs (Fig 7C) . 421
The localisation of TbAQP3 and the chimeric AQP2-3 proteins is reminiscent of 422 the subcellular localization observed in the lysine-to-arginine TbAQP2 mutants. Based 423 on these observations we hypothesised that these constructs are likely to be retained 424 in the ER, at least to a level comparable to that of the lysine-to-arginine TbAQP2 425 mutants. We observed that whereas TbAQP1 and TbAQP2 show poor co-localisation 426 with TbBiP, the signal of TbAQP3 and 40AT partly co-localised with this ER marker, 427
indicating some degree of retention within this organelle (Fig 8A) . Moreover, TbAQP3 428 and 40AT turnover was faster than TbAQP1 and TbAQP2 and was significantly 429 impaired in the presence MG132 but not bafilomycin A1 (Fig 8B) , indicating that these 430 constructs are retained and degraded in the ER and not in the lysosome, as observed 431 for TbAQP2. and higher order assembly in trypanosomes and specifically the impact of mutations 444 on these properties. We found that TbAQP2 assembles into high molecular weight 445 complexes that potentially resemble the quasi-arrays described for HsAQP4 [67] [68] [69] [70] [71] . whereas TbAQP3 is comparatively short-lived (t1/2 ~1 h) and localises mainly to the 476 cell body surface, suggesting a connection between oligomerisation, stability, 477 subcellular localisation and transport activity [67, [69] [70] [71] . Furthermore, replacement of 478 TMD4 or 6 in TbAQP2 by TbAQP3 sequences (we were unable to generate TMD5 479 chimeras), as observed in clinically relevant chimeric AQP2-3, led to impaired In summary, we propose that pentamidine uptake depends upon the structural 483 organisation of TbAQP2 and that channel activity is essential. Furthermore, TbAQP2 484 is highly sensitive to mutation and/or chimerisation, which results in failure to correctly 485 fold and ER-retention. This mechanism most likely accounts for many instances of 486 clinically observed pentamidine and melarsoprol resistance. experiments. C) Upper panel; As in (B), but cells were untreated or exposed to 100 dotted line represents 100% (signal at 0h). Data presented as mean ± standard 787 deviation (n= 3 independent replicates). Statistical analysis was conducted using t test; 788 * p<0.01 and the signal from untreated cells at 1 h as reference. 789 Quantification represents mean ± standard deviation (n = 3 independent replicates), 922 and dotted line represents protein abundance at time 0h. Statistical analysis was 923 conducted using untreated cells at 2 hours as reference group. ** p<0.001, ns = not 924 significant, using a t-test. EC50 values for pentamidine (E) and salicylhydroxamic acid 925 (SHAM) (F) with or without 5 mM glycerol following expression of AQP2 R234K . 926
Statistical analysis was conducted using untreated cells as reference group. ** 927 p<0.001, ns = not significant, using a t test. Note that this is an extended version of 928 The 3xHA-tag is omitted for simplicity. Details of the selectivity pore for each of these 948 proteins (12Å) are also included. For TbAQP2, AQP2 TMD4 and 40AT constructs, the 949 selectivity filter is composed of the "NSA/NPS" motif, whereas TbAQP1 and TbAQP3 950 contain a "NPA/NPA" motif. 951 
AQP2 5K>R
Endoplasmic reticulum 16.8 ± 6.2% 37.5 ± 9.5% ERAD 41.98 1.34 1.25 1 AQP2 R19K did not show a significant accumulation upon MG132 treatment, but co-localized with TbBiP, indicating probable ERADmediated turnover. 2 Protein abundance was calculated 2h post-treatment with cycloheximide (CHX) and expressed as percent of protein abundance compared to protein signal before treatment ("time 0h"). 3 Estimated EC50 values from cells induced with tetracycline, 1 µg/ml for 24h. 
